Two experiments were conducted to evaluate seasonal variation in oocyte competence in Holstein cows and to test whether oocyte quality in summer is affected by the magnitude of heat stress. In the first experiment, ovaries of Holstein cows were collected from a slaughterhouse and used to harvest oocytes over 1 yr (n = 18 replicates). After in vitro maturation, fertilization, and culture, proportions of oocytes and cleaved embryos that developed to blastocysts by d 8 were lower in the warm season compared with the cool season. In the second experiment, nonlactating Holstein cows were housed in one of the following three environments for 42 d before slaughter: heat stressed (housed with shade cloth in summer; n = 14); cooled (housed in a free-stall barn with foggers and fans in summer; n = 14); and winter (housed similar to the heat-stressed group; n = 12). Cows were slaughtered at d 18 to 19 of the estrous cycle. Oocytes from the two largest follicles per cow were aspirated and cultured individually. Ovaries were then dissected to collect additional oocytes that were processed in a group for in vitro maturation, fertilization, and culture. Cleavage rates were similar among treatments, but none of the individually cultured oocytes developed to blastocysts. For other oocytes cultured in groups, proportions of oocytes and cleaved embryos that developed to blastocysts by d 8 were lower in summer than winter with no difference between the heat-stressed and the cooled treatment groups. Summer depression in oocyte quality in Holstein cows was evident, but cooling cows for 42 d did not alleviate that seasonal effect. 
INTRODUCTION
Heat stress before insemination has been associated with decreased fertility in cattle (Putney et al., 1989; Al-Katanani et al., 1999) and sheep (Dutt, 1963) . Some of this infertility may reflect damage to the developing oocyte. Indeed, there are two reports indicating that oocyte competence, as determined by developmental rate after in vitro fertilization (IVF), is lower in summer than winter (Rocha et al., 1998; Rutledge et al., 1999) . There are several potential mechanisms by which heat stress could compromise oocytes. Heat stress has been reported to alter follicular development by reducing steroid hormone production (Wolfenson et al., 1997; Wilson et al., 1998) and these changes in follicular steroid concentration could disrupt oocyte growth. In addition, heat stress reduces growth of the dominant follicle (Badinga et al., 1993) and causes incomplete dominance so that there is increased growth of subordinate follicles (Wolfenson et al., 1995) . Incomplete dominance could result in ovulation of an aged follicle; such follicles contain oocytes with reduced competence (Mihm et al., 1999) .
The hyperthermia coincident with heat stress in cows could also directly inhibit oocyte function. Unlike other cells, the oocyte is transcriptionally inactive after reaching about 110 µm (Hyttel et al., 1997) and does not undergo increased synthesis of heat shock protein 70 in response to heat shock (Edwards and Hansen, 1997) . Elevated temperature could conceivably have deleterious effects on oocyte growth, protein synthesis, or formation of transcripts required for subsequent embryonic development.
The objectives of the current study were to evaluate the effect of season on oocyte competence in Holstein cows and to test whether oocyte quality in the summer is affected by the magnitude of heat stress.
MATERIALS AND METHODS

Materials
Modified Tyrode's solutions were obtained from Cell and Molecular Technologies (Lavallete, NJ) to prepare HEPES-Tyrode's albumin lactate pyruvate (HEPES-TALP), IVF-TALP, and sperm-TALP by using recipes described by Parrish et al. (1986) . BSA fraction V, essentially fatty acid-free BSA, and 4′,6′-diamidino-2-phenylindole were purchased from Sigma Chemical Company (St. Louis, MO). Bovine steer serum and heat-treated fetal calf serum were purchased from PelFreez (Rogers, AR) and Atlanta Biologicals (Norcross, GA), respectively. Percoll was obtained from Amersham Pharmacia Biotech (Uppsala, Sweden). Folliclestimulating hormone was from Vetrepharm Canada Inc. (Folltropin-V; London, Ontario, Canada). Gonadotropin-releasing hormone was from Rhone Merieux (Cystorelin; New York, NY) and PGF 2α was from Pharmacia-Upjohn (Lutalyse; Kalamazoo, MI).
Frozen semen from various Holstein bulls was donated by Select Sires Inc. (Rocky Mount, VA). Oocyte collection medium was TCM-199 with Hanks' salts without phenol red supplemented with 2% (vol/vol) bovine steer serum, 0.04 U of heparin/ml, 100 U/ml penicillin-G, 0.1 mg/ml streptomycin, and an additional 1 mM glutamine. Oocyte maturation medium was TCM-199 with Earle's salts supplemented with 10% (vol/vol) bovine steer serum, 2 µg/ml estradiol 17-β, 20 µg/ml follicle-stimulating hormone, 0.2 mM sodium pyruvate, 50 µg/ml gentamicin, and an additional 1 mM glutamine. Potassium Simplex Optimized Medium (KSOM) was obtained from Cell and Molecular Technologies (Lavallette, NJ). The KSOM, which contains 1 mg/ml BSA, was modified on the day of use by adding 2 to 3 mg/ml essentially fatty acid-free BSA, 2.5 µg/ml gentamicin, essential amino acids (basal medium eagle), and nonessential amino acids (minimal essential medium) purchased from Sigma.
General Procedures for IVF
A detailed procedure for in vitro embryo production can be found at http://www.animal.ufl.edu/hansen/ IVF. In brief, ovaries were obtained at the time of slaughter and transported to the laboratory in saline solution [0.9% (wt/vol) NaCl containing 100 U/ml penicillin-G and 100 µg/ml streptomycin] at room temperature. After arrival at the laboratory, ovaries were washed with prewarmed saline solution. Cumulus oocyte complexes (COC) were collected by slicing the surface of each ovary and agitation in a beaker containing oocyte collection medium. The COC were cultured in groups of 10 in preequilibrated 50-µl drops of oocyte maturation medium covered with mineral oil. The COC were allowed to mature for 22 to 23 h at 38.5°C in an atmosphere of 5% (vol/vol) CO 2 in humidified air. After maturation, COC were washed once in HEPES-TALP and transferred to 600-µl wells of IVF-TALP in groups of ∼30 per well. Frozen-thawed sperm were purified by Percoll gradient centrifugation as described by Parrish et al. (1986) . The pellet was collected, placed in a 15-ml conical tube containing 10 ml of SP-TALP, and centrifuged at 1000 × g for 5 min. The supernatant was removed and the viable sperm were resuspended in IVF-TALP to achieve an approximate concentration of 25 million spermatozoa per milliliter. Oocytes were fertilized by adding 25 µl of sperm suspension and 25 µl of PHE [0.5 mM penicillamine, 0.25 mM hypotaurine, and 25 µM epinephrine in 0.9% (wt/vol) NaCl] to each 600-µl well. After 8 to 10 h at 38.5°C and 5% (vol/vol) CO 2 in humidified air, presumptive zygotes were removed from the fertilization wells and denuded of the cumulus cells by vortex mixing in ∼50 µl of HEPES-TALP for 5 min in a 2-ml microcentrifuge tube. Putative zygotes were washed twice in HEPES-TALP and cultured in preequilibrated 50-µl drops of modified KSOM overlaid with mineral oil. Heat-treated fetal calf serum [10% (vol/ vol)] was added to each drop on d 5 after insemination (day of insemination is d 0). Development to blastocysts and cleavage rates were recorded on d 8 after insemination.
Experiment 1: Effect of Season on Oocyte Competence of Holstein Cows
This experiment was conducted over a period of 1 yr from March 2000 to February 2001. There were 18 replicates conducted. Replicates performed from April through September (n = 10) were considered the warm season and replicates performed from October through March (n = 8) represented the cool season. Ovaries were obtained from slaughtered Holstein cows at a commercial slaughterhouse in North Central Florida and transported to the laboratory for processing as described earlier. After maturation, COC were fertilized by using two straws of frozen semen from one Holstein bull (a different bull was used for each replicate; when possible, each bull was used once in the warm season and once in the cool season). Development to the blastocyst stage and cleavage rate were recorded on d 8 after insemination.
Experiment 2: Effect of the Magnitude of Heat Stress on Oocyte Quality
Animals and treatments. The experiment was conducted at the University of Florida Dairy Research Unit in Hague (29°38′ N 82°20′ W) with a total of 40 nonlactating Holstein cows. The experiment was conducted during two seasons (summer, June to September 2000; and winter, December 2000 to February 2001) . In addition, cows in summer were randomly assigned to two environments [heat stress (HS) and cool (C) groups]. Before entering the study, cows were located in a pasture with access to shade cloth and shade trees. Thus, regardless of treatment group, cows in summer were exposed to heat stress before the study began.
During the experimental period, cows in the HS group in summer were housed in a lot where the only structure present was shade cloth. The C group in summer was housed in a free-stall barn with fans and foggers to alleviate heat stress. The winter (W) group of cows was housed in the same lot that was used for the HS cows in summer. Cows were maintained in the respective facilities for a period of 42 d before slaughter. This time was chosen because it represents the time required for a follicle to grow from the early antral stage until the preovulatory period (Lussier et al., 1987) . All groups were fed the same basal diet. Rectal temperature, respiration rate, body surface temperature, and black globe temperature were recorded at 1600 h twice weekly throughout the experiment.
Cows in the summer were assigned to groups and were slaughtered on d 18 to 19 of the estrous cycle over a period of 7 wk (two cows from each group each week). Cows in the winter were slaughtered on d 18 to 19 of the estrous cycle in three groups (n = 4 per group). To assure that two cows per group in summer and four cows in winter were slaughtered on the same day for each replicate, twice as many cows as needed for each group were subjected to estrous synchronization. Estrus was synchronized 14 d after cows entered their respective facilities by an intramuscular injection of 100 µg of gonadotropin-releasing hormone, followed 7 d later by an intramuscular injection of 25 mg of PGF 2α . Estrus was determined by visual detection and tail-paint score (Macmillan et al., 1988) . Cows were palpated per rectum 8 to 9 d after the prostaglandin injection to ensure the presence of the corpus luteum. For each replicate, two cows per group in summer (2 each for HS and C) and four cows in winter (group W) with palpable corpus luteum were slaugh- from a different bull was used to inseminate oocytes each week. Bulls used in the summer were also used in the winter.
In vitro embryo production. After slaughter, ovaries were obtained and washed with saline solution. For each cow, the oocytes from the largest follicle (i.e., the presumed preovulatory follicle) and the second largest follicle were aspirated separately in oocyte collection medium by using a syringe attached to an 18-gauge needle. Recovered oocytes were washed once in oocyte collection medium and cultured individually in a preequilibrated 10-µl drop of oocyte maturation medium overlaid with mineral oil. Additional COC were collected from each pair of ovaries for each cow by slicing the surface. The COC were cultured in groups of 10 in preequilibrated 50-µl drops of oocyte maturation medium covered with mineral oil. The COC were allowed to mature for 22 to 23 h at 38.5°C in an atmosphere of 5% (vol/vol) CO 2 in humidified air.
After maturation, individual oocytes were washed once with HEPES-TALP and transferred to a 10-µl drop of IVF-TALP covered with mineral oil. Oocytes were fertilized by adding 2 µl of sperm suspension and 2 µl of PHE. Grouped oocytes from each cow were fertilized separately in groups of ∼10 to 30 in 600 µl of IVF-TALP as described earlier. After 8 to 10 h, individual oocytes were removed from the fertilization medium, washed twice with HEPES-TALP, and transferred to a 10-µl drop of modified KSOM medium covered with mineral oil. On d 5 after insemination, 1 µl of fetal calf serum was added to each drop. For the grouped oocytes, presumptive zygotes were removed from the fertilization wells and denuded of the cumulus cells as described earlier. Denuded putative zygotes were washed twice in HEPES-TALP and cultured in preequilibrated 25-µl drops of modified KSOM. Embryos were assigned to drops so that similar density could be achieved between treatments. Heat-treated fetal calf serum [10% (vol/vol)] was added to each drop on d 5 after insemination. Cleavage rates and proportions of oocytes and cleaved embryos developing to blastocysts were recorded on d 8 after insemination.
Determination of cell number. On d 8, embryos at the blastocyst stage were washed three times in 100-µl drops of PBS (pH 7.4) containing 1 mg/ml polyvinylpyrrolidone (PBS-PVP) and then fixed in 100-µl drops of paraformaldehyde [4% (wt/vol)] for 1 h at room temperature. Embryos were washed three times in 100-µl drops of PBS-PVP before being transferred to a poly-L-lysine-coated slide. Embryos were dried on the slide at room temperature for 24 h and stored in a slide box at room temperature for later determination of total cell number. Embryos were incubated with PBS-PVP solution containing 0.0001% (wt/vol) 4′,6′-diamidino-2-phenylindole for 10 min at room temperature and then washed in PBS-PVP. Antifade solution (ProLong Antifade Kit; Molecular Probes, Eugene, OR) was added and the slide was mounted with coverslip. Total cell number was determined by using an epifluorescence microscope.
Statistical Analyses
Data were analyzed by using least-squares ANOVA with the general linear models procedures of SAS (1989) . Percentage data were subjected to an arcsin transformation before analysis to adjust for non-normality of percentage data. For experiment 1, the main effect in the model was season with a total of ten observations in the warm season and eight in the cool season. For experiment 2, the mathematical model included the main effect of group and cow within treatment. Cow was considered a random variable and cow within treatment was used as the error term for treatment. Dependent variables were percent blastocyst at d 8, cleavage rate, and rectal temperature. Group effects were partitioned into individual degrees-offreedom contrasts to test winter (W) versus summer (HS and C) and HS versus C.
RESULTS
Experiment 1: Effect of Season on Oocytes Recovered from Slaughterhouse
The cleavage rate of bovine oocytes during the warm season (April to September) was slightly higher (P < 0.001) than during the cool season (October to March) (Figure 1) . However, the proportion of oocytes and cleaved embryos that developed to blastocysts on d 8 after insemination was lower (P < 0.001) during the warm season (April to September) compared with during the cool season (October to March) (Figure 1 ).
Experiment 2: Seasonal Variation and Effect of Magnitude of Heat Stress
Rectal temperatures of cows during the summer (HS and C) were higher (P < 0.001) than during the winter (W) and were lower for C than HS (P < 0.001; Table 1 ).
For oocytes cultured in groups, the number of oocytes recovered per cow was similar among all three groups. There was no difference between groups with regard to cleavage rate. However, the proportion of oocytes that developed to blastocyst at d 8 was lower (P < 0.001) for cows during summer than during winter; there was no difference between the HS and C groups. The same differences were seen when development was expressed as the proportion of cleaved embryos that developed to blastocysts. There was no statistical difference in blastocyst cell number among HS, C, and W groups.
Recovery of oocytes from the largest and second largest follicles was incomplete. Only 22 of 40 cows yielded an oocyte from the largest follicle and 8 of 40 yielded an oocyte from the second largest follicle. None of the oocytes cultured individually developed to blastocysts. For oocytes from the largest follicle, there was no significant difference in cleavage rate or embryo cell number between groups (Table 1) . Nonetheless, the trends for development of oocytes from the largest follicle paralleled results from the pooled oocytes, with development tending to be greater for oocytes collected in winter.
DISCUSSION
Results of the current experiments indicate that oocyte competence in Holstein cattle located in a warm climate declines during summer. Although cleavage rate was not reduced during warm weather, zygotes formed during the summer had reduced competence to develop to the blastocyst stage. The finding that cooling cows during the summer for 42 d before the anticipated day of oocyte collection did not alleviate the summer depression in oocyte quality suggests that Superscripts represent least-squares means (LSM) values that differ (P < 0.001) as determined by orthogonal contrasts (HS and C vs. W; and HS vs. C). 1) the degree of cooling was not sufficient to prevent the adverse effects of heat stress, 2) heat stress damaged the oocyte earlier in development than when cooling was initiated, or 3) seasonal effects represent factors other than heat stress.
The finding that there is a summertime reduction in ability of oocytes from Holstein cows to develop in culture after fertilization is consistent with previous reports by using oocytes recovered from nonlactating Holstein and crossbred Angus cows in Louisiana (Rocha et al., 1998) and oocytes recovered from a slaughterhouse in Wisconsin (Rutledge et al., 1999) . In Israel also (Zeron et al., 2001) , development of oocytes collected from Holstein cows at a slaughterhouse after chemical activation was reduced during the summer. In contrast, no seasonal variation was seen in another study in Florida by using oocytes recovered at a slaughterhouse (Rivera et al., 2000) . In the latter study, oocytes were from both beef and dairy cows and the lack of seasonal variation may reflect a preponderance of cows that have superior thermoregulatory mechanisms (for example, Bos indicus breeds; Finch, 1986) . In a similar manner, no seasonal variation in IVF performance was found in oocytes collected from Brahman cows (Rocha et al., 1998) .
Cooling cows for 42 d before collection of oocytes did not improve embryonic development in the summer. Such a result could be interpreted to mean that heat stress is not the factor responsible for seasonal variation. It is noteworthy that the percentage of oocytes that developed to blastocysts in the summer was lower in experiment 2, with nonlactating cows, than for ex- periment 1, in which presumably many of the cows were lactating at the time of slaughter. Such a result is surprising because effects of heat stress on fertility are lower for nonlactating cows (Badinga et al., 1985) . Use of caution in comparing absolute differences between experiments is in order, however. The fact that oocytes in experiment 1 were collected at a slaughterhouse means that the location where slaughtered cows were purchased (some from cooler environments) as well as variation in physiological status could obscure effects of heat stress.
If, in fact, the seasonal variation in oocyte quality seen in these experiments is caused by heat stress, there are two other possible explanations for the failure of cooling to improve oocyte quality in experiment 2. First, although lower than for HS cows, rectal temperature of the C group was still elevated (39.2°C vs. 38.7°C for cows in winter). A temperature increase of 0.5°C above basal body temperature has been associated with decreased pregnancy rate (Gwazdauskas et al., 1973) . Another possibility is that heat stress acted to damage the oocyte earlier in development than when cooling was initiated. Cooling, which was for 42 d before slaughter, encompassed the 42 d in which the follicle grows from the antral to the preovulatory stage (Lussier et al., 1987) . However, primary follicles begin growth about 84 to 85 d before ovulation (Picton et al., 1998; McNatty et al., 1999) and heat stress early in follicular growth could have compromised oocyte quality in both summer groups.
There was no reduction in cleavage rate of oocytes during the warm season. This finding is consistent with previous reports (Rocha et al., 1998; Rutledge et al., 1999; Rivera et al., 2000) and suggested that the cellular mechanisms involved in oocyte maturation, sperm binding, and fertilization are not compromised by heat stress. However, the ability of zygotes to develop to blastocysts was reduced during the summer. Thus, some component of the embryo that was formed from the oocyte was likely damaged by heat stress. There is evidence that heat stress can alter phospholipid composition of oocytes (Zeron et al., 2001) . Exposure of cultured oocytes to heat shock can reduce protein synthesis in mice (Curci et al., 1987) and cattle (Edwards and Hansen, 1997) . Oocytes from small follicles also have reduced developmental potential (Hendriksen et al., 2000) . Given that heat stress has been reported to increase the number of small follicles (Trout et al., 1998) , it is possible that oocytes recovered in summer came from follicles of average smaller size. However, not all reports indicate more small follicles during heat stress (Wilson et al., 1998) . It may also be that heat stress reduces synthesis and storage of transcripts required to support early embryonic development (Memili and First, 2000) .
CONCLUSIONS
Results indicate that oocyte competence in Holstein cattle located in a warm climate declines during summer. Such a result suggests that damage to the oocyte is one cause for reduced fertility during the summer in warm climates. Moreover, seasonal variation in oocyte competence can lead to reduced performance of procedures to produce in vitro-derived embryos by using oocytes recovered from slaughterhouse ovaries. Because cooling cows during the summer for 42 d before the anticipated day of oocyte collection did not alleviate the summer depression in oocyte quality, it is possible that heat stress can damage the oocyte during the period preceding antral follicle formation or that seasonal effects represent factors other than heat stress.
